In this study, we determined the reflectance spectra of four types of turquoise with different hardness (porcelain, hard turquoise, soft turquoise, and loose turquoise) using an ASD TM TerraSpec spectrometer (spectral range 350-2500 nm, Visible-Near Infrared, and Short-wave Infrared). Several absorption features, including six narrow absorption peaks at 425 nm, 1480 nm, 2160 nm, 2218 nm, 2253 nm, and 2347 nm, and three wide peaks between 625-756 nm, 756-915 nm, and 1885-2133 nm have been identified. The strength of the absorption of turquoise increased with decreasing hardness. The absorption peaks at 2160 nm, 2218 nm, 2253 nm, 2347 nm, and 1885-2133 nm on some turquoise spectra (porcelain spectra, for example) were relatively weak, while those at 425 nm, 1480 nm, 625-756 nm, and 756-915 nm were always observed on all turquoise spectra, which could be the diagnostic absorption features for turquoise. Additionally, the hyper-spectral imaging (spectral range 1000-2500 nm, Short-wave Infrared) of the four types of turquoise were obtained using a HySpex TM imager. The Spectral Angle Mapper (SAM) method was successfully used to recognize turquoises, suggesting that hyper-spectral imaging may serve as a useful tool for fast turquoise identification and separation, especially for massive turquoise samples.
Introduction
Materials with different surface features can reflect the sun's radiation. The reflectance property depends on the physical and chemical states of the material, and can be visualized in the form of spectral reflectance curves (or reflectance spectra) as a function of wavelength. Differences in reflectance spectra can be used to classify or distinguish different materials [1] [2] [3] [4] [5] [6] [7] . The development of Hyper-spectral imaging (or imaging spectroscopy) integrates the power of digital imaging and spectroscopy. Every pixel in the image contains a continuous spectrum, and can be used to characterize the materials with great precision and detail.
Hyper-spectral imaging has been widely used in geological mapping [8] [9] [10] [11] , ore exploration [12] [13] [14] , nature conservation [15] [16] [17] [18] , and food or drink quality analysis [19, 20] . Recent studies have also used this technology to conveniently and economically examine ancient documents and archaeological artifacts [21] [22] [23] . Whether this technology can be used in gem identification and separation is not yet understood. Unfortunately, though many spectra of different gems have been reported by previous studies [24] [25] [26] [27] [28] , most of them cannot be used in reflectance hyper-spectral imaging analysis.
Turquoise-hydrous phosphate of aluminum and copper, Cu(Al,Fe 3+ ) 6 (PO 4 ) 4 (OH) 8 ·4H 2 O-is of gemmological interest, with a brilliant history of several thousand years. It was deeply loved by the Chinese, and by people from various countries. As early as in ancient Egypt, ancient Mexico, and ancient Persia, turquoise was considered to be mysterious, and was used in talismans and burial objects. It was used by the Egyptians to carve gods to guard treasure. The Indians think that wearing a turquoise decoration can ward off evil spirits and get gods' blessings. In Tibet, it is used in ornaments-it was used for the first Tibetan king's crown, and as shrine offerings.
China is rich in gem-quality turquoise resources, including north-west Hubei Province. In this study, we determined the reflectance spectra (350-2500 nm) of four types of turquoise samples (porcelain, hard turquoise, soft turquoise, and loose turquoise) sourced from Shiyan city, Hubei province using an ASD TM TerraSpec spectrometer, and used a HySpex TM imager to obtain the hyper-spectral image (1000-2500 nm) of the turquoise samples, in an attempt to understand their spectral features and to evaluate the capability of hyper-spectral imaging in turquoise identification and separation.
Materials and Methods

Samples
The turquoise samples used in this study ( Figure 1 ) are divided based on density and hardness. They are porcelain (high hardness and density), hard turquoise (medium hardness and density), soft turquoise (medium to low hardness and density), and loose turquoise (low hardness and density).
Porcelain is dark blue to dark green, has a delicate texture with Mohs hardness between 5.5 and 6, and grain size ranging from 1 to 4 mm.
Hard turquoise is blue-green to sea foam with relatively high density. The Mohs hardness of the sample is 4.5-5.5, and the grain size is from 3 to 5 mm.
Soft turquoise is light blue with relatively low density. The Mohs hardness is below 4.5, and the grain size is from 5 to 6 mm.
Loose turquoise is light grey and soft, with earthly luster and dull with grain size between 4 and 5 mm. It marks paper in much the same way as graphite.
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Instruments
Spectrum measurement experiments of four turquoise samples were carried out using an ASD TM TerraSpec spectrometer (Analytical Spectral Devices Inc., Boulder, CO, USA), for which the spectral range is 350-2500 nm, and the spectral resolutions are 3 nm at 700 nm and 6 nm at 1400 nm and 2100 nm. The sampling intervals for the instrument are 1.4 nm between 350 nm and 1000 nm, and 
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The hyper-spectral images of the turquoise samples were acquired using a HySpex TM hyper-spectral imager (HySpex TM SWIR-320m-e, NEO, Skedsmo, Norway). The spectral range of the instrument is from 1000 nm to 2500 nm at a spectral sampling interval of 6 nm. The instrument can also provide images showing a textural map of minerals with a spatial resolution of~0.75 mm. Detailed technical specifications of the HySpex TM SWIR-320m-e imager are given in Table 1 . 
Experiments
Spectral Measurement
The ASD TM spectrometer was set up following the guidelines described in the Labspec4 user manual. An accessory light source (halogen lamp) was employed to measure the spectrum without sunlight. The ASD TM instrument was connected to a laptop and manipulated using the RS3 software package (Analytical Spectral Devices Inc., Boulder, CO, USA). Before the experiment, a white reference was introduced to optimize and calibrate the instrument. The reflectance of the white reference was automatically set to 1 by the RS3 software. Since the turquoise samples are usually in small particles, a black plastic plate with a coarse surface was used to make turquoise particles flat. During the experiment, the detector was closed to the turquoise particle level.
Five spectra were recorded by the RS3 software in one measurement to monitor any variation during the measurement. After the experiment, a repeat measurement of the white reference was conducted to check whether a significant change of the standard spectrum occurred during the experiment. The spectra of four turquoise samples were exported using RS3 software, then saved as ASCII files with ViewSpecPro software (Analytical Spectral Devices Inc., Boulder, CO, USA). The ASCII files were converted to a spreadsheet file with Excel TM 2007, then plotted with CorelDRAW TM X5. The name list of the spectral files and related turquoise samples are given in Table 2 . 
Hyper-Spectral Image Scanning
The HySpex TM imaging spectrometer was deployed onto a dynamical system ( Figure 2 ) so that it could be controlled to move in a straight line. Two 150 Watt halogen lamps were also fixed onto the dynamical system to provide a light supply (Figure 2 ). The imaging spectrometer and the dynamical system were connected to a computer so that it could be manipulated using the HySpex TM Ground software (NEO, Skedsmo, Norway). Before scanning, the four types of turquoise samples were placed onto a paper plate, as shown in Figure 3 . A white reference was also placed on the plate for further reflectance calibration (Figure 3) . The raw DN image containing the four samples was recorded by the HySpex TM Ground software and converted to reflectance hyper-spectral image using an empirical method provided by the ENVI software (Exelis Inc., Tysons Corner, VA, USA). 
Results
Spectra
The spectral results measured by the ASD TM spectrometer are shown in Figure 4 . As shown in Figure 4a , the white reference has reflectance values equal to 1. The black plastic plate has low reflectance values, generally below 0.025. The reflectance spectrum of the black plastic plate is flat without any absorption feature. Such low reflectance values and the flat spectrum suggest that influence from the black plastic plate during spectral measurements of the turquoise samples can be 
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The spectral results measured by the ASD TM spectrometer are shown in Figure 4 . As shown in Figure 4a , the white reference has reflectance values equal to 1. The black plastic plate has low reflectance values, generally below 0.025. The reflectance spectrum of the black plastic plate is flat without any absorption feature. Such low reflectance values and the flat spectrum suggest that influence from the black plastic plate during spectral measurements of the turquoise samples can be neglected. The repeated measurement of the white reference after the experiment also showed reflectance values equal to 1, suggesting that no significant change occurred during the experiment. In Figure 4a , it is also noted that the spectra of the white reference have large signal noise between 350 nm and 390 nm and between 2400 nm and 2500 nm. This signal noise in the above two wavelength intervals may be mistaken for absorption features, and should be treated with great caution. neglected. The repeated measurement of the white reference after the experiment also showed reflectance values equal to 1, suggesting that no significant change occurred during the experiment. In Figure 4a , it is also noted that the spectra of the white reference have large signal noise between 350 nm and 390 nm and between 2400 nm and 2500 nm. This signal noise in the above two wavelength intervals may be mistaken for absorption features, and should be treated with great caution. A comparison of the four turquoise samples is shown in Figure 4f . It is clear that all turquoise samples show several absorption features, including six narrow absorption peaks at 425 nm, 1480 nm, 2160 nm, 2218 nm, 2253 nm, and 2347 nm, and three wide peaks between 625-756 nm, 756-915 nm, and 1885-2133 nm. Additionally, it is noted that the strengths of reflectance and absorption increase with decreasing turquoise hardness (Figure 4f ). For example, the hardest porcelain sample generally showed the lowest reflectance values and weak absorption features, while the softest loose turquoise sample had the highest reflectance values with apparent absorption features.
Hyper-Spectral Image
The false color composite of the short-wave infrared hyper-spectral image of four types of turquoise samples with typical spectra acquired from the hyper-spectral image are shown in Figure 5 . The spectra determined by the HySpex TM imager are similar to those measured by the ASD TM spectrometer (Figure 4 ). Narrow absorption peaks at 1480 nm, 2253 nm, and 2347 nm, and a wide peak between 1885 and 2133 nm were observed, while peaks at 2160 nm and 2218 nm were sheltered by signal noise between 2000 nm and 2500 nm. Figure 4f . It is clear that all turquoise samples show several absorption features, including six narrow absorption peaks at 425 nm, 1480 nm, 2160 nm, 2218 nm, 2253 nm, and 2347 nm, and three wide peaks between 625-756 nm, 756-915 nm, and 1885-2133 nm. Additionally, it is noted that the strengths of reflectance and absorption increase with decreasing turquoise hardness (Figure 4f ). For example, the hardest porcelain sample generally showed the lowest reflectance values and weak absorption features, while the softest loose turquoise sample had the highest reflectance values with apparent absorption features.
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Discussion
Absorption Mechanism
Although the chemical composition of turquoise has been studied previously [30] , and a formula has been proposed for this mineral (Cu(Al,Fe 3+ ) 6 (PO 4 ) 4 (OH) 8 ·4H 2 O), the relationships between radicals in the turquoise molecule and absorptions at different wavelengths are still vague.
To investigate the absorption mechanism, we determined the spectra of some chemical compounds, including NaH 2 PO 4 ·2H 2 O, Na 4 P 2 O 7 ·10H 2 O, FeSO 4 ·7H 2 O, CuSO 4 ·5H 2 O, and NaOH, and several rock minerals, such as hematite, limonite, illite, kaolinite, muscovite, and montmorillonite. The spectra of the above chemical compounds and minerals are shown in Figure 6 with the spectra of porcelain and loose turquoise.
As displayed in Figure 6 , the absorption peaks of turquoise at 2160 nm, 2218 nm, 2253 nm, and 2347 nm are also observed on the spectra of clay minerals, such as illite, limonite, kaolinite, muscovite, and montmorillonite. These absorptions are usually related to the vibration of Al-OH [31] . The absorption peak at 425 nm can be found on the spectrum of FeSO 4 ·7H 2 O, and is probably related to ferrous ion. The first two wide peaks between 625 nm and 756 nm and between 756 nm and 915 nm also exist on the spectra of CuSO 4 ·5H 2 O and hematite, suggesting that they are associated with copper ion and ferric ion, respectively. The third wide peak between 1885 nm and 2133 nm occurs in the spectra of FeSO 4 ·7H 2 O, CuSO 4 ·5H 2 O, NaH 2 PO 4 ·2H 2 O, and limonite, indicating that this peak is related to crystal water. It is interesting that the absorption peak of turquoise at 1480 nm is identical to that of Na 4 P 2 O 7 ·10H 2 O and close to the absorption at 1470 nm of NaH 2 PO 4 ·2H 2 O, which may be induced by the vibration of P-OH.
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Mapping Turquoise Samples Using Hyper-Spectral Image
Several methods and algorithms to identify minerals based on imaging spectroscopy have been proposed by many previous studies. We take the Spectral Angle Mapper (SAM) method as an example of turquoise identification and mapping using hyper-spectral images. This algorithm calculates the similarity between the image and reference spectra by treating them as vectors in n-dimensional space and calculating the corresponding angle between them (Equation (1)). With 
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In this study, the computation of the spectral angle was carried out using ENVI 5.0 software. We took the hard turquoise spectrum obtained from the hyper-spectral image as the reference spectrum, and set the maximum spectral angle to 0.165 (rad) to do spectral angle mapping of all turquoise samples. As shown in Figure 7 , all turquoise samples were successfully recognized. Additionally, as a great amount of turquoise samples can be rapidly scanned (100 fps) by the imager at one time, the hyper-spectral image may serve as a convenient and fast tool for turquoise identification and selection, especially for batch determination. respect to Equation (1), nb is the number of bands, ti is the reflectance of band i of the image spectrum, and ri is the reflectance of band i of the reference spectrum. cosα = ∑ t r ∑ t ∑ r
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Conclusions
1. The reflectance characteristics of four types of turquoise samples, including porcelain, hard, soft, and loose turquoises were investigated using an ASD TM spectrometer. Six narrow absorption peaks at 425 nm, 1480 nm, 2160 nm, 2218 nm, 2253 nm, and 2347 nm, and three wide peaks between 625-756 nm, 756-915 nm, and 1885-2133 nm were observed. The reflectance and absorption intensities of turquoise increase with decreasing hardness. 2. Comparison among absorption features of chemical compounds, rock minerals, and turquoise suggests that the absorption features of turquoise are probably related to Al-OH, P-OH, ferrous ion, ferric ion, copper ion, and crystal water. 3. Turquoise samples in the hyper-spectral image were successfully recognized using spectral angle mapper, suggesting that hyper-spectral image may be used for convenient and rapid turquoise identification and selection.
